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EGF induces recycling membrane to form ruffles
Mark S. Bretscher and Carmen Aguado-Velasco
KB cells are known to respond to epidermal growth
factor (EGF) by producing prodigious ruffles in the
plasma membrane within minutes. The signal
transduction pathway underlying this effect in
fibroblasts is mediated through Rac, a member of the
Ras-like family of GTPases [1,2]. As ruffles are rich in
components of the cytoskeleton — particularly in actin
and ezrin — it has been suggested that ruffles arise
when activated Rac modulates the actin cytoskeleton to
push out a membrane protrusion. We set out to see
whether the surface of new ruffles arises from
neighbouring membrane, or whether it comes from an
intracellular pool of endocytosed membrane. If it arose
by exocytosis from endosomes, it would be expected to
be enriched in those recycling receptors that are
concentrated in coated pits in the endocytic side of the
cycle. On the other hand, if it arose passively from the
adjacent plasma membrane, a uniform distribution of
these receptors would be expected. Here, we show that
as soon as ruffles appear on KB cells in response to
EGF [3,4], their membrane surfaces are enriched in both
transferrin and low density lipoprotein (LDL) receptors.
Both these proteins are known to be selectively
concentrated into endosomal membranes by clathrin-
mediated endocytosis. Our results reveal that the
surfaces of ruffles arise by exocytosis of internal
membrane from the endocytic cycle and, therefore, that
a primary action of Rac is to redirect the exocytosis of
recycling membrane into just those specific sites where
ruffles form.
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Results and discussion
The distribution of transferrin receptors on the surfaces of
KB cells was examined after EGF addition. In the
absence of EGF exposure, the transferrin receptors were
usually uniformly distributed: the cells appeared rather
dull (Figure 1c). Such a distribution is believed to reflect
the random return of receptors to the cell surface from
endosomes during exocytosis [5]. Rarely, cells had ruffles
that stained brightly for transferrin receptors (Figure 1a) or
elongated processes whose tips frequently glowed
(Figure 1b); this enhanced concentration of transferrin
receptors at the extremities of the cells is presumably
similar to that seen at the ends of the leading lamellae of
giant HeLa cells [6,7] and migrating fibroblasts [8,9].
Two minutes after EGF addition, clear ruffles adorned
many cells, and these ruffles were usually brightly labelled
by antibodies to transferrin receptors (Figure 1d). At later
times, up to 5 minutes after EGF addition, the ruffles con-
tinued to grow and continued to be selectively labelled for
transferrin receptors (Figure 1e,f).
We also examined the recruitment of actin and ezrin into
ruffles: the cells shown in Figure 1c–f were double-
labelled for transferrin receptors and ezrin. This showed
that, at the earliest time that ruffles had formed — about
2 minutes after EGF addition — they were only weakly
labelled with antibodies to ezrin. At later times, they
became more prominently labelled (Figure 1e,f). Similar
observations have been made with A431 cells [10]. When
EGF-stimulated KB cells were stained for actin with
labelled phalloidin, ruffles appeared to contain filamen-
tous actin as soon as they had formed (data not shown).
The transferrin receptor spends about 10 minutes inside
the cell in each endocytic cycle [11]. By contrast, the LDL
receptor has a much shorter cycle: its intracellular life is
probably 1 minute or less [12,13]. Because LDL receptors
spend so little time inside the cell compared with transfer-
rin receptors it seemed possible that they might behave
differently and not have enough time to be routed inside
the cell to help form new ruffles. KB cells have very low
levels of LDL receptors, but, after 5 days’ growth in
LDL-deficient medium (to induce LDL receptor synthe-
sis), LDL receptors could be detected by immunofluores-
cence as bright dots on the cell surface, suggesting that
they are localised to coated pits (Figure 2a). After
3 minutes’ exposure to EGF, ruffles became enriched in
LDL receptors; this can be seen as the enhanced labelling
of ruffles in Figure 2b. These observations indicate that
LDL receptors, like transferrin receptors, are routed into
the formation of ruffles when cells are exposed to EGF,
despite their brief intracellular sojourn.
To ensure that the enhanced labelling of transferrin and
LDL receptors seen on ruffles is caused by exocytosis of
recycling receptors, we also made a stable cell line
expressing an LDL receptor with a truncated cytoplasmic
domain that lacked all endocytic signals (LDLR∆736–779)
[14]. These cells (grown in normal medium to repress
endogenous LDL receptor synthesis) were exposed to
EGF for 5 minutes and then processed to detect surface
LDL and transferrin receptors. The truncated LDL
receptor was now fairly uniformly distributed and the
induced ruffles appeared no brighter than the rest of the
cell surfaces – indeed, they occasionally looked dimmer
(Figure 2c). By contrast, the ruffles were enriched for
transferrin receptors. Our conclusion is that the greater
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Figure 1
Differential interference contrast (DIC) images and immunofluorescence
staining of (a–f) transferrin receptors (TfR) on the surfaces of KB cells,
and of (c–f) intracellular ezrin, after stimulation by EGF. (a,b) Before
EGF addition, a few rare cells have protrusions brightly labelled for
transferrin receptors. After (c) 0 min, (d) 2 min, (e) 3 min or (f) 5 min
exposure to 0.5 µg/ml EGF, the transferrin receptor distribution is
altered from being uniform at 0 min to being highly localised to ruffles
after 2 min. Ezrin also localised to ruffles 3 min after EGF addition (e).
KB human mouth carcinoma cells were grown on coverslips coated
with vitrogen; fixation was for 30 min in 4% paraformaldehyde.
Transferrin receptors were detected with B3/25 monoclonal antibody,
the cells permeabilised with 0.2% Triton X-100 and then labelled with
anti-ezrin antibodies. The scale bar represents 10µm.
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Figure 2
DIC images and immunofluorescence staining for receptors on the
surfaces of KB cells. Distribution of wild-type LDL receptors (LDLR)
before addition of EGF (a) and 3 min after addition of EGF (b). 
(c) Distribution of truncated LDL receptors (LDLR∆736–779) and
transferrin receptors (TfR) 5 min after EGF addition. (d) Distribution of
concanavalin A receptors (ConAR) and transferrin receptors on cells
exposed to EGF for 5 min. Note that the intact LDL receptors are
localised to ruffles in the cell peripheries in (b), but that the truncated
receptors are almost uniformly distributed in (c). Also, in (c,d) the
transferrin receptors are localised to ruffles, but other membrane markers
are not. LDL receptors were detected with C7 monoclonal antibody. In
(c), LDL receptors were detected first, and then transferrin receptors
labelled with biotinylated B3/25 antibody followed by anti-biotin
antibodies. In (d), the transferrin receptors were first labelled with B3/25
antibody followed by concanavalin A. A stable KB cell line expressing
LDLR∆736–779 was created by transfecting KB cells with an expression
vector (A29, kindly provided by A. Venkitaraman) in which the gene for
LDLR∆736–779 had been inserted between the cytomegalovirus promoter
and an internal ribosome entry site sequence followed by the neomycin
resistance gene. The scale bar represents 10µm.
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content of circulating receptors seen on ruffles is not
simply a result of the increased membrane in ruffles. This
conclusion is further underlined by the uniform distribu-
tion of concanavalin A receptors that also detect mem-
brane surface (Figure 2d). The results in Figure 2c,d
support the proposal that the membrane on ruffles arises
from intracellular pools of endocytosed membrane: this
membrane would be expected to have increased concen-
trations of circulating receptors and reduced levels of non-
circulating proteins like LDLR∆736–779.
It seemed conceivable that, although EGF induces ruffles
comprising membrane exocytosed from internal pools,
Rac itself might only be involved in reorganising the
cytoskeleton to produce ruffles. We attempted to see
whether ruffles induced by Rac also had a high density of
transferrin receptors on their surfaces. KB cells were
injected with an expression vector carrying an activated
form of Rac, Rac1L61. After growth for 2 hours to allow
expression of Rac, the cells were fixed and labelled for
transferrin receptors. Many injected cells had a high
density of smaller ruffles on their dorsal surfaces which are
difficult to reproduce: two injected cells are presented in
Figure 3. When cells were similarly injected with a control
vector, no such effects were seen (data not shown). These
experiments show that the surfaces of ruffles induced by
Rac are similar to those induced by EGF, being rich in
transferrin receptors.
Evidence that hormonal treatment of sensitive cells can
induce exocytosis has existed for many years. For
example, when insulin is added to adipocytes, a large
transfer of glucose importers from an internal membrane
compartment to the plasma membrane occurs within a
few minutes [15]. Similarly, insulin stimulates a rapid
increase of amino acid transporters in KB cells [3]. In the
absence of insulin, membrane that bears these trans-
porters must be segregated inside the cell from the consti-
tutively recycling membrane (containing LDL receptors
and transferrin receptors) and must be retained in the cell.
We show here that, when cells are stimulated by EGF,
the continuously recycling membrane from the endocytic
cycle is targeted to exocytose in restricted sites which
develop into ruffles; this targeting is dependent on Rac.
However, insulin-induced translocation of glucose trans-
porters to the surface of adipocytes is apparently not
dependent on Rac [16]. Whether those transporters that
emerge after stimulation with insulin also exocytose into a
growing ruffle, or whether they exocytose elsewhere, is
unknown. In other reports, the Rho family proteins have
been found to affect exocytosis [17,18] or endocytosis
[19,20] in a variety of systems. Most relevant to our obser-
vations is the role of Rop1, a plant homologue of Rac.
When Rop1 is inactivated in pollen tubes by injection of
anti-Rop1 antibodies, tip extension ceases immediately
[21]; in this case, a Rac protein seems to regulate the
polarised exocytosis of vesicles which contribute to
advancing the growing front of the pollen tube.
As a ruffle cannot exist without a membrane to define it,
we imagine that localised exocytosis is the first step in
ruffle formation. What determines where a ruffle will form
is unknown. Once the membrane has been exocytosed it
must be shaped, presumably by the actin cytoskeleton.
Even after a ruffle has formed, it continues to be the prin-
cipal site of exocytosis on these cells; this can be seen in
the similarity in fluorescence images for ezrin and trans-
ferrin receptors at 5 minutes after EGF addition
(Figure 1f). This suggests that the membrane surface of
an active ruffle continues to be derived from endosomes,
being continuously replenished by a steady stream of vesi-
cles from internal pools. The similarity between a growth-
factor-induced membrane ruffle and the leading edge of a
migrating cell — where circulating membrane is also
added to the growing lamella [5,9,22] — is striking.
Great advances have been made in elucidating how
growth factor signalling promotes ruffle formation. A key
observation is that ruffles can rapidly be induced in qui-
escent fibroblasts by microinjection of Rac1. This sug-
gests that Rac1 is an intermediate in the activation
pathway, a view supported by the observation that the
ability of growth factors to stimulate ruffling can be
inhibited by Rac1N17, a mutant version of Rac believed
to act as a dominant inhibitor [1]. What processes lie
downstream of Rac are unclear, although a direct target
appears to be p21-activated kinase [23]. Because of the
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Figure 3
Activated Rac induces ruffles rich in membrane from the endocytic
cycle. DIC images and immunofluorescence staining of transferrin
receptors on KB cells injected with DNA encoding Rac1L61 (together
with Texas Red-labelled dextran (TDx) as a marker) are shown. Two
pairs of cells are shown in each panel; one of each pair had been
injected with DNA (the cell staining for TDx). Transferrin receptors
were especially concentrated on ruffles of injected cells. Cells were
injected with 200 µg/ml pRK5myc containing Rac1L61, and grown for
2 h before fixation. The scale bar represents 10 µm.
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extent to which actin and other cytoskeletal proteins,
especially ezrin, are incorporated into ruffles [24], it has
been presumed that Rac somehow induces the cytoskele-
ton to produce these structures. If so, this would nicely
complement the ability of the related Rho proteins to
induce formation of stress fibres [25].
Our observations suggest a different perspective, however.
In quiescent cells, the endocytic cycle delivers membrane
randomly to the cell surface and this results in a uniform
distribution of circulating receptors on the cell surface.
After stimulation by growth factor, the continuing exocy-
tosis is redirected to specific regions where ruffles form.
This suggests that a primary function of Rac is to effect a
switch in the pattern of exocytosis: from random exocyto-
sis to discrete exocytosis, where it occurs just at those sites
where ruffles form. We believe that it is from this perspec-
tive that the role of Rac in inducing cell polarity [26] and
in orienting cell locomotion [27,28] during development
should be viewed.
Supplementary material
Larger versions of all of the figures and a detailed Materials and
methods section are published with this paper on the internet.
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Materials and methods
KB cells, derived from a human mouth carcinoma, were obtained from
the ATCC and propagated in either DMEM containing FCS, or in the
same medium lacking bicarbonate but containing 5 mM Hepes pH 7.2
(for the injection studies), or in DMEM containing FCS from which
lipoproteins had been removed (for the induction of LDL receptors). In
addition, a stable KB cell line expressing a truncated LDL receptor was
created by transforming KB cells with an expression vector (A29, kindly
provided by A. Venkitaraman) in which the truncated LDL receptor
gene (coding for residues 1–736 (LDLR∆736–779)) had been inserted
between the cytomegalovirus promoter and an internal ribosome entry
site sequence followed by the neomycin resistance gene. The trun-
cated LDL receptor gene was generated by PCR and its sequence
found to be correct.
Cells were grown on coverslips (cleaned in nitric acid, washed and
coated with vitrogen) for 1–2 days, and then placed in growth medium
containing 0.5 µg/ml EGF at 37°C for various times. Alternatively, they
were injected with 200 µg/ml pRK5myc containing Rac1L61 (kindly
provided by L. Machesky) or a control vector (from which Rac had
been excised, the vector blunt-ended and circularised), at room tem-
perature and then incubated at 37°C for 2 h. For fixation, coverslips
were placed directly in Dulbecco’s PBS containing 4% freshly pre-
pared formaldehyde for 30 min at room temperature. They were then
labelled with monoclonal antibodies (B3/25 for transferrin receptors,
C7 for LDL receptors) followed by fluoresceinated anti-mouse
immunoglobulin (Ig) secondary antibodies. To label ezrin, the cells were
then permeabilised with 0.2% Triton X-100, rinsed in PBS and labelled
with affinity-purified anti-ezrin rabbit antibodies followed by Texas Red-
conjugated secondary antibodies. For visualising both LDL and trans-
ferrin receptors, cells were labelled successively with C7,
fluoresceinated sheep anti-mouse Ig, biotinylated B3/25, rabbit anti-
biotin serum and Texas Red-conjugated donkey anti-rabbit Ig. To visu-
alise transferrin and concanavalin A receptors, the cells were labelled
successively with B3/25, fluoresceinated anti-mouse Ig and rho-
damine-conjugated concanavalin A. Coverslips were mounted and
examined with DIC or fluorescence optics with 25× or 40× objectives.
Images were recorded digitally with a cooled charge-coupled device
camera and reproduced without changing the linearity of fluorescence
response.
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Figure S1
Differential interference contrast (DIC) images and immunofluorescence staining of (a–f) transferrin receptors (TfR) on
the surfaces of KB cells, and of (c–f) intracellular ezrin, after stimulation by EGF. (a,b) Before EGF addition, a few rare
cells have protrusions brightly labelled for transferrin receptors. After (c) 0 min, (d) 2 min, (e) 3 min or (f) 5 min exposure
to 0.5 µg/ml EGF, the transferrin receptor distribution is altered from being uniform at 0 min to being highly localised to
ruffles after 2 min. Ezrin also localised to ruffles 3 min after EGF addition (e). The scale bar represents 10µm.
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Figure S2
DIC images and immunofluorescence staining for receptors on the surfaces of KB cells. Distribution
of wild-type LDL receptors (LDLR) before addition of EGF (a) and 3 min after addition of EGF (b). (c)
Distribution of truncated LDL receptors (LDLR∆736–779) and transferrin receptors (TfR) 5 min after
EGF addition. (d) Distribution of concanavalin A receptors (ConAR) and transferrin receptors on cells
exposed to EGF for 5 min. Note that the intact LDL receptors are localised to ruffles in the cell
peripheries in (b), but that the truncated receptors are almost uniformly distributed in (c). Also, in (c,d)
the transferrin receptors are localised to ruffles, but other membrane markers are not.  The scale bar
represents 10 µm.
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Figure S3
Activated Rac induces ruffles rich in membrane from the endocytic cycle. DIC images and
immunofluorescence staining of transferrin receptors on KB cells injected with DNA encoding
Rac1L61 (together with Texas Red-labelled dextran (TDx) as a marker) are shown. Two pairs of
cells are shown in each panel; one of each pair had been injected with DNA (the cell staining for
TDx). Transferrin receptors were especially concentrated on ruffles of injected cells. Cells were
injected with 200 µg/ml pRK5myc containing Rac1L61, and grown for 2 h before fixation. The
scale bar represents 10 µm.
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